Introduction
An alternate title would be "Surprises in the Proton". This talk owes its existence to the brilliant, precise, stunning and exciting recent experimental work on measuring G E /G M (or QF 2 /F 1 ) for the proton and G E for the neutron. My goal here is to interpret the data. Symmetries including Poincaré invariance and chiral symmetry will be the principal tool I'll use.
If, a few years ago, one had asked participants at a meeting like this about the Q 2 dependence of the proton's G E /G M or QF 2 /F 1 . Almost everyone one have answered that for large enough values of Q 2 , G E /G M would be flat and QF 2 /F 1 would fall with increasing Q 2 . The reason for the latter fall being conservation of hadron helicity. Indeed, the shapes of the curves have been obtained in the new measurements, except for the mis-labeling of the ordinate axes. The expected flatness of G E /G M holds for QF 2 /F 1 , and the quantity G E /G M falls rapidly and linearly with Q 2 . This revolutionary behavior needs to be understood!
Outline
I will begin with a brief discussion of Light Front Physics. Stan Brodsky has long been advocating this technique, I have become a convert. Then I will discuss a particular relativistic model of the nucleon, and proceed to apply it. The proton calculations will be discussed first, but recent high accuracy experiments make it necessary for us to compute observables for the neutron as well.
Light Front
Light-front dynamics is a relativistic many-body dynamics in which fields are quantized at a "time"=τ = x 0 + x 3 ≡ x + . The τ -development operator is then given by P 0 − P 3 ≡ P − . These equations show the notation that a four-vector A µ is expressed as A ± ≡ A 0 ± A 3 . One quantizes at x + = 0 which is a light-front, hence the name "light front dynamics". The canonical spatial variable must be orthogonal to the time variable, and this is given by
The canonical momentum is then P + = P 0 + P 3 . The other coordinates are x ⊥ and P ⊥ .
The most important consequence of this is that the relation between energy and momentum of a free particle is given by:
p + , a relativistic kinetic energy which does not contain a square root operator. This allows the separation of center of mass and relative coordinates, so that the computed wave functions are frame independent.
The use of the light front is particularly relevant for calculating form factors, which are probability amplitudes for an nucleon to absorb a four momentum q and remain a nucleon. The initial and final nucleons have different total momenta. This means that the final nucleon is a boosted nucleon, with different wave function than the initial nucleon. In general, performing the boost is difficult for large values of Q 2 = −q 2 . However the light front technique allows one to set up the calculation so that the boosts are independent of interactions. Indeed, the wave functions are functions of relative variables and are independent of frame.
Definitions
Let us define the basic quantities concerning us here. These are the independent form factors defined by
The Sachs form factors are defined by the equations:
There is an alternate light front interpretation, based on field theory, in which one uses the "good" component of the current, J + , to suppress the effects of quark-pair terms. Then, using nucleon light-cone spinors: 3 by experimental data to define the parameters of the model, but we predicted a very strong decrease of G E /G M as a function of Q 2 . This decrease has now been measured as a real effect, but the task of explaining its meaning remained relevant. That was the purpose of our second paper 4 in which imposing Poincaré invariance was shown to lead to substantial violation of the helicity conservation rule as well as an analytic result that the ratio QF 2 /F 1 is constant for the Q 2 range of the Jefferson Laboratory experiments. Although the second paper is new, the model is the same. Ralston et al. 5 have been talking about non-conservation of helicity for a long time.
Three-Body Variables and Boost
We use light front coordinates for the momentum of each of the i quarks, such that
The total (perp)-momentum is P = p 1 + p 2 + p 3 , the plus components of the momenta are denoted as
and the perpendicular relative coordinates are given by
In the center of mass frame we find:
The coordinates ξ, η, k, K are all relative coordinates so that one obtains a frame independent wave function Ψ(k ⊥ , K ⊥ , ξ, η). Now consider the computation of a form factor, taking quark 3 to be the one struck by the photon. One works in a special set of frames with q + = 0 and Q 2 = q 2 ⊥ , so that the value of 1 − η is not changed by the photon. The coordinate p 3⊥ is changed to p 3⊥ + q ⊥ , so only one relative momentum, K ⊥ is changed:
The arguments of the spatial wave function are taken as the masssquared operator for a non-interacting system:
This is a relativistic version of the square of a the relative three-momentum. Note that the absorption of a photon changes the value to:
Wave function
Our wave function is based on symmetries. The wave function is antisymmetric, a function of relative momenta, independent of reference frame, an eigenstate of the spin operator and rotationally invariant (in a specific well-defined sense). The use of symmetries is manifested in the construction of such wave functions, as originally described by Terent'ev 6 , Coester 7 and their collaborators. A schematic form of the wave functions is
where ψ is a spin-isospin color amplitude factor, the p i are expressed in terms of relative coordinates, the u(p i ) are ordinary Dirac spinors and Φ is a spatial wave function. We take the the spatial wave function from Schlumpf 3 :
is approximately constant for Q 2 > 4 GeV 2 in accord with experimental data. The parameter β helps govern the values of the perp-momenta allowed by the wave function Φ and is closely related to the rms charge radius, and m is mainly determined by the magnetic moment of the proton. At this point the wave function and the calculation are completely defined. One could evaluate the form factors as Ψ|J + |Ψ and obtain the previous numerical results 1 .
Simplify Calculation-Light Cone Spinors
The operator J + ∼ γ + acts its evaluation is simplified by using light cone spinors. These solutions of the free Dirac equation, related to ordinary Dirac spinors by a unitary transformation, conveniently satisfy:
To take advantage of this, re-express the wave function in terms of lightfront spinors using the completeness relation:
This is the very same Ψ as before, it is just that now it is easy to compute the matrix elements of the γ + operator. The unitary transformation is also known as the Melosh rotation. The basic point is that one may evaluate the coefficients in terms of Pauli spinors:
It is easy to show that
The important effect resides in the term (n × p 3 ) which originates from the lower components of the Dirac spinors. This large relativistic spin effect can be summarized: the effects of relativity are to replace Pauli spinors by Melosh rotation operators acting on Pauli spinors. Thus
The analytic insight is based on Eq. (15). Consider high momentum transfer such that Q = q 2 ⊥ ≫ β = 560 MeV. Each of the quantities:
can be of order q ⊥ , so the spin-flip term is as large as the non-spin flip term. In particular, (s 3 = +1/2) may correspond to (λ 3 = −1/2), so the spin of the struck quark = proton spin. This means that there is no hadron helicity selection rule 5, 8 . The effects of the lower components of Dirac spinors, which cause the spin flip term σ × p 3 , are the same as having a non-zero L z , if the wave functions are expressed in the light-front basis. See Sect. 9.
We may now qualitatively understand the numerical results, since
where the · · · represents common factors. The term F 1 ∼ ↑p ′ 3 |↑p 3 is a spin-non-flip term and F 2 ∼ ↑p ′ 3 |↑p 3 depends on the spin-flip term. In doing the integral each of the momenta, and M 0 , M ′ 0 can take the large value Q for some regions of the integration. Thus in the integral
so that F 1 and QF 2 have the same Q 2 dependence. This is shown in Fig. 1 . 
Relation between ordinary Dirac Spinors and L z
Our use of ordinary Dirac spinors corresponds to the use of a non-zero L z in the light front basis. We may represent Dirac spinors as Melosh rotated Pauli spinors, and this is sufficient to show L z = 0. It is worthwhile to consider the pion as an explicit example. Then our version of the light-front wave function χ π would be 11 :
while the Gousset-Pire-Ralston 5 pion Bethe-Salpeter amplitude Φ is
where p π is the pion total momentum, P iπ are scalar functions of relative momentum, and the term with P 1π is the one which carries orbital angular momentum. The relation 12 between the Bethe-Salpeter amplitude and the light-front wave function φ π is
Doing the Dirac algebra and choosing suitable functions P iπ , leads to χ π = φ π . The Melosh transformed Pauli spinors, which account for the lower components of the ordinary Dirac spinors, contain the non-zero angular momentum of the wave function Φ.
Neutron Charge Form Factor
The neutron has no charge, G En (Q 2 = 0) = 0, and the square of its charge radius is determined from the low
2 is well-measured 13 as R 2 = −0.113 ± 0.005 fm 2 . The Galster parameterization 14 has been used to represent the data for Q 2 < 0.7 GeV 2 .
Our proton respects charge symmetry, the interchange of u and d quarks, so it contains a prediction for neutron form factors. This is shown in Fig. 2 . The resulting curve labeled relativistic quarks is both large and small. It is very small at low values of Q 2 . Its slope at Q 2 = 0 is too small by a factor of five, if one compares with the straight line. But at larger values of Q 2 the prediction is relatively large.
Our model gives R 2 model = −0.025 fm 2 , about five times smaller than the data. The small value can be understood in terms of F 1,2 . Taking the definition (2) for small values of Q 2 gives
where the Foldy contribution, R 2 F = 6κ n /4M 2 = −0.111 fm 2 , is in good agreement with the experimental data. That a point particle with a magnetic moment can explain the charge radius has led some to state that G E is not a measure of the structure of the neutron. However, one must include the Q 2 dependence of F 1 which gives R showed that this cancellation is a natural consequence of including the relativistic effects of the lower components of the Dirac spinors. Thus our relativistic effects are standard. We need another source of R 2 . This is the pion cloud. 
Pion Cloud and the Light Front Cloudy Bag Model
The effects of chiral symmetry require that sometimes a physical nucleon can be a bare nucleon emersed in a pion cloud. An incident photon can interact electromagnetically with a bar nucleon, a pion in flight or with a nucleon while a pion is present. These effects were included in the cloudy bag model, and are especially pronounced for the neutron. Sometimes the neutron can be a proton plus a negatively charged pion. The tail of the pion distribution extends far out into space (see Figs. 10 and 11 ) of Ref. 18 , so that the square of the charge radius is negative.
It is necessary to modernize the cloudy bag model, so as to make it relativistic. This involves using photon-nucleon form factors from our model, using a relativistic π-nucleon form factor, and treating the pionic contributions relativistically by doing a light front calculation. This has been done. The result is the light front cloudy bag model, and the preliminary results are shown in Fig. 3 . We see that the pion cloud effects are important for small values of Q 2 and, when combined with those of the relativistic quarks coming from the bare nucleon, leads to a good description of the low Q 2 data. The total value of G E is substantial for large values of Q 2 . 
Summary
Poincaré invariance is needed to describe the new exciting experimental results. Ordinary Dirac spinors carry light front orbital angular momentum. Including the effects of these spinors, in a way such that the proton is an eigenstate of spin leads naturally to the result that QF 2 /F 1 is constant for values of Q 2 between 2 and about 20 GeV 2 . The prediction of hadron helicity conservation is that Q 2 F 2 /F 1 is constant, so we see that this is not respected in present data and there is no need to expect it to hold for a variety of exclusive reactions occurring at high Q 2 ≤ 5.5 GeV 2 . Examples include the anomalies seen in pp elastic scattering and the large spin effects seen in the reactions γd → np and γp → π 0 p. The results for the neutron G E can be concisely stated. At small values of Q 2 the effects of a pion cloud is needed to counteract the relativistic effects which cancel the effects of the Foldy term. At large values of Q 2 relativistic effects give a "large" value of G E ; large in the sense that this form factor is predicted to be larger than that of the Galster parameterization.
At the time of this workshop, I
had not yet used the light front cloudy bag model to compute proton form factors or the neutron's G M . Including the effects of the pion cloud (with a parameter to describe the pion-nucleon form factor) allows the use of different quark-model parameters. The result is an excellent description of all four nucleon electromagnetic form factors, and I plan to publish that soon.
